1. The discharge characteristics of 1,239 single units recorded in the flocculus of alert monkeys were studied in relation to visual, vestibular, and oculomotor events in a variety of paradigms. Animals were trained to fixate small target lights and were required to perform various tracking tasks designed to facilitate the quantitative analysis of associated unit discharges. Units were subdivided into three major groups: granular layer input elements (GLIEs, 77 1 units), interneurons (tentatively classified as Golgi cells, 122 units), and Purkinje output cells (P-cells, 346 units).
2. The discharges of 94.2% of the GLIEs modulated in one or more of the paradigms and two major classes were defined: a) eye movement-only GLIEs (53.6%) modulated their discharge solely in relation to eye movements. Some altered their discharge only in relation to saccadic eye movements (saccadeonly units, y1 = 65), the majority of these being silent during fixation and discharging at high rates just before and during saccades in one or more directions. The remainder of the units in this class exhibited maintained discharges, which were influenced by steady eye positionthe rate increasing progressively as fixation shifted in the socalled on-directionand also showed additional modulation related to eye velocity during pursuit and/or vestibular stimulation (phasic-tonic units, y1 = 348); saccade-related discharges were various, but the most common pattern was the so-called burst-tonic. b) vestibular GLIEs (27.8%) modulated their discharge in relation to head velocity during horizontal chair oscillations as if receiving a vestibular input. The modulation of some of these units was solely determined by the chair movement (vestibular-only units, yt = 47), while others also altered their discharge in relation to saccadic eye movements, mostly by pausing (vestibularplus-saccade units, y2 = 70); yet others were further influenced by steady eye position and, in addition, by eye velocity during pursuit and/or vestibular stimulation (vestibular-plus-position units, y2 = 97). Other GLIEs discharged in relation to vergence/ accommodation (3.9%), visual inputs (2.7%), attempted head movements (5.2%), and blinks (1%).
3. Discharges of putative Golgi cells had unusually regular interspike intervals. Seventy-one of the 122 such cells modulated in one or more of the paradigms, most discharging in relation to eye movements but less clearly and vigorously than the corresponding GLIEs. Some produced only weak saccade-related bursts (~1 = 12), while others discharged tonically in relation to steady eye position (yt = 24) but only weakly and frequently exhibited nonlinear rate-position relationships. One-quarter of the cells (~2 = 32) discharged tonically in relation to eye movements, but showed marked decays in firing during prolonged eccentric fixation and displayed very distorted, though consistent, discharge frequency profiles during sinusoidal and triangle-waveform pursuit. 4. P-cell simple spike discharges often had unusually irregular interspike intervals; 93% modulated in one or more of the para-MILES, FULLER, BRAITMAN, AND DOW digms and 83% could be placed in one of three major classes: a) Eye movement-only P-cells (22.5%) modulated solely in relation to eye movements and superficially resembled saccade-only (~2 = 15) and phasic-tonic (fl = 63) GLIEs. b) Horizontal gaze velocity P-cells (37.9%) exhibited maintained rates, which modulated only weakly in relation to either saccadic eye movements or eye position during steady fixation, but vigorously in relation to eye velocity during horizontal pursuit. Many of these cells continued to modulate in a very similar manner during pursuit, even when the animal's head was passively moved in concert with the target (so that the ocular component of the gaze pursuit was close to zero), hence these cells also discharged in relation to head velocity. P-cell discharge was more closely tied to the response (gaze velocity) than to the stimulus (target velocity). The head velocity and eye velocity components of P-cell discharge shared the same directional preferences (showing increased discharge during ipsilateral movements in 127/13 1 cells) and were on average of very similar strengths. When the animal was merely oscillated, whether in the light or dark, so that the head and eyes were moving 180" out of phase, then P-cell modulation was predictably weak; the two components of P-cell discharge canceled one another. It is concluded that the discharge modulation of these P-cells effectively encodes horizontal gaze velocity. c) Vertical gaze velocity P-cells (22.5%) exhibited maintained discharges and modulated in relation to eye velocity during vertical pursuit, most being excited during downward movements (70/78 cells). Vertical head velocity sensitivity was not tested and most cells modulated only weakly in relation to horizontal head velocity. It is suggested that the discharge modulation of these P-cells probably encodes vertical gaze velocity. d) Some P-cells (10.1%) modulated in relation to head and/or eye velocity but could not be placed in any of the above categories. 5 . We suggest that, in order to produce a P-cell output that encodes gaze velocity, the cortical networks must effectively act as a high-pass filter for oculomotor signals and (possibly) as a low-pass filter for vestibular signals.
6. On the basis of these and other studies, it is suggested that the gaze velocity P-cells have an important role in improving ocular pursuit. A model is proposed, which incorporates the gaze velocity P-cells into the pursuit system and the vestibuloocular reflex; the eye velocity component of P-cell discharge is viewed as an efferent copy signal configured to provide positive feedback support for ocular pursuit, and the head velocity component is seen as part of an inhibitory side loop of the vestibuloocular pathway operating to offset the loss of eye velocity positive feedback support during combined eye-head tracking.
INTRODUCTION
In recent years the flocculus has come to be regarded as an inhibitory side loop of the vestibuloocular pathway, receiving a mossy fiber input from the semicircular canal primary afferents (8) (9) (10) 54 , 60) and in turn projecting inhibition back onto the vestibular relay neurons in the brain stem via its Purkinje cell (P-cell) output (3, 5, 22, 25, 28, 59 ). Ito (26) has suggested that this inhibitory loop through the flocculus contains modifiable synapses and functions as the variable gain element subserving long-term adaptive regulation of the vestibuloocular reflex (VOR). This latter concept arose in part from the theoretical considerations of Marr (45) and Albus (l), who had followed up Brindley's (7) earlier suggestion that the cerebellum might be involved in motor learning by proposing that the parallel fiber synapses on the P-cells were modifiable and that their efficacy was regulated in some way by activity in the climbing fiber input. Information transfer through the cerebellar cortex was considered to be mediated by the mossy fiber-granule cell parallel fiber route resulting in high-frequency simple spike discharges in the Purkinje output cells (15) , while the low-frequency impulse traffic in the climbing fiber input, which was responsible for generating the so-called complex spikes in the P-cells (16) , was viewed more as a long-term shaping influence. In applying this model to the flocc~l~~, Ito (26) suggested that the climbing fibers might convey retinalimage slip "error" information to adjust the efficacy of the vestibular parallel fiber influence on the P-cell. When subsequently it was demonstrated that the climbing fibers received directionally selective visual inputs (61) , that lesions of the flocculus or the inferior olive supplying its climbing fiber input resulted in a loss of the adaptive capability of the VOR (27, 57) , and further that the vestibular simple spike responses of floccular P-cells appeared to undergo appropriate alterations when the VOR gain was modified (13), it seemed that the hypothesis was firmly established.
Most of the experimental work from which the above ideas evolved was done on cats and rabbits, but recent studies on monkeys have complicated this picture by showing that the primate flocculus is concerned not only with vestibuloocular responses, but also with other previously unsuspected aspects of oculomotor function (35-37, 47, 50, 5 1). It has generally been assumed that the connections of the primate flocculus are similar to those outlined above for the cat and the rabbit, though the evidence is meager (9, 11, 24) . Electrical stimulation of the primate flocculus has been shown to produce ipsilaterally directed smooth eye movements (58) suggesting that its influence runs counter to that of the ipsilateral semicircular canal input which, of course, operates to produce the converse. However, damage to the primate flocculus has been shown to have little influence on caloric responses in the dark but reduces the animal's ability to suppress them in the light (65), suggesting that its inhibitory influence on vestibular responses is mobilized in some way by vision. Furthermore, unit recordings in the awake monkey (35) have revealed that while little vestibular modulation of P-cell simple spikes is evident during oscillation in the dark, it increases appreciably when the animal is required to fixate a target moving exactly in phase with the imposed oscillations (so-called visual suppression of the VOR (64); this important study also noted that the mossy fiber inputs to the primate flocculus conveyed oculomotor as well as vestibular information (35).
To investigate Ito's (26) suggestion that the modifiable elements in the VOR are located in the flocculus, it is first necessary to determine the fundamental nature of the information processing in that structure. The indications from our preliminary recordings (50) were that P-cells in the primate flocculus carry two, and perhaps even three, independent velocity signals relating to head, eye, and retinal-image slip velocity, which have I) the same directional polarity (excitation accompanying ipsilateral movements), 2) are often equally weighted, and 3) sum together algebraically. Lisberger and Fuchs (36, 37) have recently confirmed and extended these observations in two quantitative studies, though they failed to record any visually driven mossy fibers and felt that while some P-cell transient discharges might be due to visual inputs, it was equally likely that they were related to some aspect of the animal's associated oculomotor behavior, e.g., eye acceleration (36) . Noda and his co-workers (51) have also documented P-cell discharges in the primate flocculus related to eye movements and have shown that many modulate tonically in relation to steady eye position.
In the present paper we provide a quantitative description of the vestibular, oculomotor, and visual signals carried by the various unitary elements in the flocculus of the normal monkey. These data will be presented in three separate sections: the first concerns the granular layer input elements; the second some granular layer cellular elements, which we suggest are Golgi interneurons; and the third the Purkinje output cells. The description of normal P-cell activity will serve as a basis for comparison with similar data obtained from monkeys with a modified VOR (the subject of the next paper). The studies by Lisberger and Fuchs (36, 37) reported similar results on a more restricted sample of units and we will concentrate on additional findings. Finally, we shall use our data to deduce the general nature of the signal processing in the floccular cortex, suggest mechanisms by which this might be achieved, and propose a signal flow model to help elucidate the functional significance of the primate flocculus.
METHODS
Single-unit extracellular recordings were obtained from the flocculus in five adolescent rhesus monkeys working on ocular pursuit tasks in a variety of paradigms designed to elucidate the vestibular, oculomotor, and visual influences on the neurons in this structure.
Monkeys were trained to fixate small target lights using water reinforcement after the paradigm of Wurtz (72) . After several weeks of overtraining, animals were anesthetized with Nembutal for the surgical implantation of stainless steel bolts in the skull to secure a pedestal with which to immobilize the head; silver/silver chloride electrooculogram electrodes (6) were also implanted in the bone bitemporally and above and below the left eye for the measurement of horizontal and vertical eye movements, respectively. Animals were then trained (by hand) to maintain continuous fixation of stationary or moving targets for periods of 1 min or more; water reinforcement was contingent on satisfactory performance as judged from the oculogram signal -absence of corrective or catch-up saccades and fixation within lo of the target.
For unit recordings, monkeys were seated in a primate chair that could be oscillated about the vertical axis to provide controlled vestibular stimulation; the chair was powered by a servodriven torque motor under the control of a waveform generator. The monkey's head was secured to the chair through the surgically implanted pedestal and held in the normal stereotaxic position, the axis of rotation of the chair passing midway through the interaural line. The feedback signal in the servo provided a monitor of the chair's horizontal angular position and, hence, the position of the animal's head. In the early experiments, strain gauges were attached to the head mount to measure the torque associated with the animal's attempts to move its head about the vertical.
Fixation targets were generated in three different ways to elicit various oculomotor responses during recording. I) A large demonstration cathode-ray oscilloscope (CRO) was used to present stationary or moving spots at a viewing distance of 20 cm. 2) A white tangent screen was mounted vertically in front of the animal at a distance of 57 cm. Two light sources were available to provide fixation spots on this screen (subtending 0. lo): a) a Leitz Prado projector was used to back project moving or stationary targets onto the screen; the projector beam was interrupted by two mirror galvanometers in an X-Y configuration to move the spot through any desired axis under electronic control; the galvanometer responsible for horizontal deflections could also be driven by the feedback signal from the chair servo system through interfacing electronics, allowing target movements of any desired amplitude to be coupled in phase or 180" out of phase with the chair's movements; b) a small point-light projector, which was mounted on the oscillating chair immediately above the monkey's head, provided a target spot that moved horizontally across the screen with the chair oscillation and, hence, was always fixed with respect to the animal's head. 3) A single, distant, light-emitting diode (LED) was viewed through a system of front-surface mirrors arranged so that the animal saw a small, stationary red light (subtending O.OS") directly ahead of him at a distance of 6 m.
Only one target was presented to the animal at any given time and each was optically aligned with respect to the animal's eyes (cyclopean view) when the chair was in its straight-ahead, zero position. Except when otherwise stated, the room was dark except for the target spots. In some of the early experiments, horizontal moving targets were presented by having the animal view targets (monocularly) through a mirror galvanometer whose excursions were controlled by a waveform generator.
Experimental paradigms
Eight basic experimental paradigms were used to document unit behavior: I) The saccadic eye movement paradigm was used to discern saccaderelated discharges. The Wurtz (72) fixation paradigm was used to elicit saccadic eye movements of any magnitude and direction within the range t 25'. (Excursions up to k40" could be obtained with the back-projector system.) On-line dot raster displays of unit discharge synchronized to the saccadic eye movements were generated on a storage oscilloscope; unit pulses were relayed through a shift-register delay line to permit display of the activity before, as well as during and after, the saccadic eye movements.
2) The tonic eye position paradigm was used to determine the relationship between discharge rate and static eye position (rate-position curves). CR0 targets were sequentially presented at 5-or lo"-intervals for 5-to 10-s periods and the monkey reinforced for continuous fixation (by hand). Discharge rates were determined either directly from a reciprocal-interval display monitor or estimated from 2-to 5-s spike counts made with an electronic counter. Unit sensitivities to eye position were determined from the slopes of the rateposition curves (least-squares best fit).
3) The eye velocity paradigm was used to determine neuronal sensitivity to eye velocity. The CR0 spot was driven by a triangle-waveform signal (t20", 0.1-0.5 Hz) and the animal reinforced for continuous fixation. Both horizontal and vertical target motions were used. By counting the number of discharges during the 500-ms periods bracketing the instants at which the eye passed through the primary position in a particular direction, it was possible to determine the relationship between discharge rate and eye velocity (rate-velocity curves). Unit sensitivities to REFLEX ADAPTATION III 1441 eye velocity were determined from the slopes of the rate-velocity curves (least-squares best fit). Randomly presented target velocity steps (t 10, +20, and t30 deg l s-l) were used in some experiments. Rate-velocity curves were only determined for sample units. Some estimate of the eye velocity sensitivities within the unit populations as a whole was obtained from the amplitude and phase of the neural response during sinusoidal tracking. These data were analyzed using the computer averaging techniques described in the previous paper (48).
4) The vergence/accommodation paradigm was used to determine neuronal sensitivity to fixation distance. The monkey was required to fixate in turn three stationary targets located at different distances along the same optical axis (cyclopean view): the centered CR0 spot (20-cm viewing distance), the centered screen spot (57 cm), and the distant LED (600 cm). The animal fixated each point for lo-15 s and unit discharge rates were determined either from a reciprocalinterval monitor or from 5-s spike counts.
5) The head velocity paradigm was designed to allow an assessment of the vestibular sensitivity of nonvisual units, free of contamination by any oculomotor-related signals that they may also possess. The chair was oscillated about the vertical axis (usually 0.2 Hz, t20" sinusoids) and the monkey was required to fixate (continuously) the spot of light produced on the screen by the chair-mounted projector. This necessitated that the animal try to keep its eyes stationary while being oscillated, and hence overcome the influence of the VOR. The phase and peak-to-peak amplitude of the neural responses were subsequently determined by computer averaging; the latter were used to generate an estimate of each unit's sensitivity to chair (head) velocity (peak-to-peak unit modulation/peak-to-peak chair velocity).
6) The VOR (light) paradigm was used to document interactions between the vestibular and oculomotor influences. The chair was oscillated about the vertical axis (usually 0.2 Hz, t20" sinusoids) and the monkey was required to fixate the stationary LED target light continuously. This paradigm seemed to require little effort from the monkeys, who not only performed it extremely well but also required minimal water reinforcement.
7) The VOR (dark) paradigm was the preferred paradigm for determining the phase and velocity sensitivity of pure vestibular units since no work was required of the animal; the chair was oscillated in total darkness and the animal was kept alert with a variety of noises. The phase and peak-to-peak amplitude of the neural response were determined by computer analysis in the usual way.
8) The combined eye-head velocity paradigm was used to examine interactions between head and eye velocity signals in certain P-cells. The chair was oscillated while the animal was required to fixate a spot moving horizontally on the screen with various amplitudes either in phase or 180" out of phase with the chair.
Unit recording
On completion of training, a cylinder was implanted stereotaxically over one or other flocculus to permit the attachment of a hydraulic microdrive for the introduction of glass-coated, platinum/iridium microelectrodes (after Evarts (19) ). The unit-recording techniques, on-line signal monitoring, tape recording procedures, and computer averaging methods were essentially the same as those previously described (48) . In addition, we analyzed the regularity of spontaneous discharges by measuring 100 or more consecutive interspike intervals and deriving the coefficients of variation (ratio of the standard deviation and the mean interval).
In our experience, the major cause of electrode deviation is buildup of scar tissue on the dura, and it was necessary to anesthetize the animal and peel this away at regular intervals (l-2 wk). Special care was taken to ensure that the microelectrode shafts were straight and of a standard length (within 200 pm). A log was maintained for each penetration detailing depth of recording (to the nearest 50 pm), electrical characteristics of the recording (noise level, waveform of action potentials), and the discharge properties of each isolated neuron. These data were mapped onto a series of charts, each detailing all of the penetrations in a given parasagittal plane. The initial penetrations were always restricted to the most superficial lobules of the flocculus to minimize trauma.
Histological verif'ca tion of recording sites Toward the end of the recording period in each flo~~~lus, the recording sites of selected units of interest were marked with electrolytic lesions by passing DC current through the microelectrode (electrode positive, 10 JLLA for 50 s). Since action potentials were often difficult to isolate after passing the current, only one recording site was usually so marked at the end of the penetration. Sixteen such lesions were made in the 10 flocculi in which recordings were made. In order to distinguish one lesion track from another, additional lesions were usually made at irregular intervals during the withdrawal of the microelectrode to create unique patterns. This also enabled us to estimate the shrinkage factor for the histological sections.
At the end of each experiment, monkeys were deeply anesthetized with Nembutal and their brains perfused through the carotid arteries with normal saline followed by Formalin. After dividing the brain into two halves with a midline sagittal section, the brain stem and cerebellum were subsequently mounted in celloidin, sectioned in the parasagittal plane (50-pm slices), and stained with cresyl violet before mounting. Individual sections were examined with a microprojector. The microlesions were used to orient the sections with respect to the plane of the recording electrode, establish the shrinkage factor, and localize the recording sites of the selected units. Celluloid overlays detailing each penetration were constructed (at the appropriate magnification) and aligned with the projected image of the appropriate section(s) using the lesions as a key. Eleven of the 16 lesions marking specific recording sites were successfully located. For these 11 penetrations, there was a close correlation between the distribution of the P-cells (identified by the criteria given below) in the overlays and the irregularly folded P-cell layers in the sections, which allowed us to localize 101 units to the molecular or granular layers of specific lobules. One such reconstruction is shown on the left in Fig. 1 .
Classijcation of unitary potentials
Detailed analyses of the 11 reconstructed penetrations revealed a consistent distribution of unitary potentials in the three laminae of the floccular cortex. As the microelectrode entered the molecular layer, there was a considerable increase in background noise levels, which often modulated in association with saccadic eye movements. However, the only unitary potentials regularly isolated in this layer discharged at low frequency (about 1 spike *s-l) and had large, positive/negative waveforms, followed in many cases by one or more wavelets. These so-called complex spikes are the P-cell's response to the climbing fiber input (16) , and as the electrode was advanced further into the cortex the P-cell's simple spike discharges (resulting from parallel fiber excitation (15)) also became evident. Other action potentials were rarely isolated in the molecular layer (only 1 of the 101 units in the reconstructions).
P-cell simple spikes were usually high-frequency, initially negative potentials and, as the electrode was advanced further, commonly adopted a large, negative/positive form and showed increasingly prominent A/B breaks. When displayed on the reciprocal-interval monitor, the simple spike discharge frequency profile was usually very irregular; interval analyses for 92 P-cells revealed coefficients of variation ranging from 0.28 to 0.75 (mean, 0.45). While the simultaneous presence of simple and complex spikes served as a reliable criterion for identifying P-cells, there were reasons for believing that the complex spike was not always evident in P-cell recordings. Thus, a number of unitary elements that I) displayed irregular instantaneous frequency profiles, 2) had discharge properties characteristic of identified P-cells, 3 ) had large negative/positive spikes with A/B breaks, and 4) remained isolated for 50 pm or more of electrode travel, failed to show any evidence of complex spikes; however, further electron advance often killed such neurons and in the aftermath of the flurry of spikes marking the demise of the cell, prominent climbing fiber responses now became evident. Such potentials were also assumed to emanate from P-cells and made up 5% of the cellular elements that we have listed as P-cells.
Unlike the molecular layer, the granular layer was replete with discrete unitary activity. However, except in the case of some cellular elements (presumed Golgi cells), which will be mentioned below, recording stability was often poor, unitary potentials were small and brief (less than 200 ps duration), and the isolation of individual units somewhat fortuitous.
These granular layer units usually discharged
Localization of unit-recording sites. Two penetrations are reconstructed. The penetration on the left was reconstructed with the aid of three electrolytic lesions (see asterisks in the depth charts and arrows in the photomicrograph). The first lesion marked a P-cell recorded at the end of the penetration (in the sixth P-cell layer) and the two subsequent lesions were made after withdrawing the microelectrode 1 and 2.5 mm, respectively. Only the first two lesions are evident in this illustration, the third being located in an adjacent section. The separation of the last two lesions was used to determine the shrinkage factor. Note that the first two lesions are actually separated by less than 1 mm; this was our usual finding and we attribute it to hysteresis caused by dimpling of the tissue during electrode advance and retraction during withdrawal. Note the close correspondence between recorded P-cells in the depth chart and P-cell layers in the photomicrograph (except for the third layer, where we failed to isolate a P-cell). The penetration on the right ended in the vestibular portion of the eighth nerve. No lesions were made but the track was evident from traces of gliosis, some of which is visible in the microphotograph; see arrows and note that the eighth nerve (VIII) has been slightly displaced during the processing of the tissue. Again, note the close correspondence between P-cell layers in the depth chart and the photomicrograph. In both penetrations, the only action potentials judged to be isolated during traverse through the molecular layers were climbing fiber responses (complex spikes, CS), though the multiunit background activity often modulated in association with saccadic eye movements. All of the non-P-cell units characterized in the depth charts were classified as GLIEs. (48) . It seemed, therefore, that these potentials probably originated from mossy fibers rather than from granule cells. Other potentials started out negative, subsequently developing a negative/ positive form often associated with cellular potentials, but we were unsure whether they were from granule cells because we have also observed similar events in the eighth nerve. It was, therefore, decided not to attempt fine distinctions between granule cells and mossy fibers on the grounds of waveform alone and to refer to all such units merely as granular layer input elements (GLIEs). There were, however, occasional unitary potentials that we attributed to large cellular elements (interneurons) because: 1) they often remained isolated for 100 ,ccm or more of electrode travel; indeed they provided some of the most stable recordings and could be maintained in isolation for an hour or more; 2) advancing the electrode sometimes resulted in typical high-frequency injury discharges, which we never observed with fiber recordings in the eighth nerve; 3) action potentials were large, usually biphasic negative/positive with prominent A/B breaks, and were of long duration (200-450 ps). Of five such neurons recorded in the penetrations reconstructed with the aid of marking lesions (including two so marked), all were localized to that region of the granular layer immediately adjacent to the P-cell layer. We attributed these recordings to large interneurons-presumably Golgi cells -rather than P-cells because 1) they were never associated with complex spikes, 2) their discharges were more regular than those of any identified P-cell (coefficients of variation for 41 such units ranged from 0.04 to 0.21, with a mean of 0.09), 3) many had discharge properties quite unlike those of any identified P-cell.
Other electrode tracks were visible in the sections and, using the marked penetrations as a guide, it was possible to achieve good matching with the P-cell layers in the overlays at the expected locations in a further 31 penetrations (one is shown on the right in Fig. 1 ). These penetrations included 357 characterized units, of which 116 were P-cells. The laminar distribution of non-Purkinje cell units in these reconstructions was essentially the same as that in the marked penetrations. Thus, only three units were judged to be in the molecular layer, and the remainder, including 16 presumed Golgi cells, were localized to the granular layer.
RESULTS

I. Granular Layer Input Elements
The discharge properties of 771 units that were classified as GLIEs were examined in relation to the initial five basic paradigms listed in METHODS and each was placed in 1 of 10 response categories (see Table 1 ). Three-quarters of the units (580/771,75.2%) discharged in relation to eye movements, and over two-thirds of these (413/580, 7 1.2%) were "pure" in that they modulated solely in relation to eye movements. The remainder of these eye movement-related units also carried signals resembling those seen in semicircular canal primary afferents during chair oscillations and, hence, are assumed to receive an independent, vestibular input. Only 6.1% of GLIEs modulated solely in relation to chair (head) oscillation as if responding only to vestibular inputs. A small number of GLIEs discharged in relation to visual inputs, vergence/accommodation, blinks, and attempted head move-ments; fewer than 6% were unmodulated in any of the paradigms.
Eye movement-only units
Regardless of the paradigm, these units discharged only in relation to saccadic eye movements. Most (59/65 units) were silent during fixation and emitted high-frequency bursts during saccades in one or more directions. Approximately one-third (22 units) discharged only when the saccade included a component in a particular direction, while the remainder discharged with saccades in all directions though showing some directional preferences. Six phasic units had maintained discharge (rates ranging from 14 to 54 spikes l s-l), four burst and two paused during saccades in all directions.
Onset of the burst was roughly synchronous with onset of the saccade in more than half of these units (37/63 units, 58.7%), while in the remainder, onset times ranged from 54 ms lead to 10 ms lag, with an average mean lead of 4 ms. With the exception of the five bursters with the earliest onset times, the duration of the burst was usually less than that of the associated saccade and the ratio, burst duration/saccade duration, for 20" saccades ranged from 0.36 to 1.18, with a mean of 0.81 (n = 58). For the five early-onset bursters, this duration ratio ranged from 1.18 to 2.32, with a mean of 1.51. Though we did not systematically investigate the relationship between burst duration and saccade duration for different saccade amplitudes in individual units, it was clear that the two increased together; Lisberger and Fuchs (37) found the relationship to be reasonably linear.
These units exhibited tonic discharges whose frequency was sensitive to steady eye position. Maintained rates, which were very regular during steady fixation, depended on the position of the eyes with respect to a particular orbital plane of rotation. We did not undertake accurate determinations of these on-directions, which were inferred solely from the discharge rates associated with fixations along the horizontal and vertical meridia passing through the primary gaze position. Thus, the on-direction was assumed to be horizontal or vertical if the Table 2 that within these first two categories, on-directions were weakly biased in favor of ipsilateral and downward. Units with oblique on-directions showed all possible combinations: ipsilateral/up (n = 1 l), ipsilateral/down (n = 8), contralateral/up (n = 6), and contralateral/down (n = 9).
In four-fifths of these units (282 units, 81%) the discharges associated with saccades were similar to those seen in oculomotor motoneurons (so-called burst-tonic pattern): high-frequency bursts during saccades that carried the eyes in the on-direction for maintained discharge and pauses during saccades in the converse direction. Bursts were usually very discrete in the horizontal units, with abrupt onsets and terminations typically occupying only a few milliseconds. However, in a few horizontal units (19/199 units, 9 .5%) and most vertical units (49/63 units, 78%) the burst decayed much more slowly with time constants commonly in the range lo-50 ms (see Fig. 2 ). This variability in the rate of decay has recently been observed in brain stem burst-tonic units (18) . The bursts usually commenced roughly synchronously with the beginning of the on-direction saccade, onset times ranging from 7 ms lead to 15 ms lag, with a mean lag of 0.6 ms (n = 188). The saccade-related discharges of the remaining units sensitive to steady By extrapolating these curves to zero firing rate it is possible to estimate the eye position at which each unit first becomes active during steady fixation (recruitment threshold).
The units with linear rate-position curves had a mean position sensitivity of 2.3 spikes l Udeg, but the burst-tonic units were on average twice as sensitive to eye position as the tonic units: mean for the burst-tonic was 2. Position sensitivities were determined from slopes of the rate-position curves (only linear units are shown). The velocity sensitivities were estimated from the phase of the peak excitatory neural response during sinusoidal pursuit eye movement. See text for details.
roughly linear rate (approximately 2.5%/ deg), so that 83% of the units were active in the primary gaze position. Maintained discharge rates at this point ranged up to 180 spikes l s-l (mean 32.5 spikess-l), and new units continued to be recruited up to 20' in the on-direction. (We were unable to determine accurate rate-position curves for units recruited more than loo in the ondirection since we usually restricted fixation to the range t 30' or less. As a consequence, eight such units, which were recruited between +lO and +20", could not be included in Fig. 5 .) It is also apparent in Fig. 5 that there was a clear tendency for those units that were recruited early to be less sensitive to eye position than those recruited later, though there was considerable scatter.
For the units with segmental-linear rateposition curves, regression lines were fitted to each linear segment and extrapolated to define the transitional eye position, 8", at which the unit's position sensitivity underwent a sudden change. These data are summarized in Table 3 .
The discharge rate associated with a given fixation position often depended on the position of the prior fixation. The rateposition curves and recruitment thresholds discussed above were determined from the asymptoted steady discharge rates achieved as the monkey sequentially fixated targets further and further in the on-direction for the unit in question. In 25 linear units we also followed the changes in maintained discharge as fixation was shifted back successively in the off-direction and observed the hysteresis phenomenon previously described by Eckmiller (17) in brain stem burst-tonic neurons. Figure 6 shows these rate-position relationships for one such unit, which was typical of those showing hysteresis; maintained discharge rates associated with given eye positions were clearly higher when the fixation sequence was in the on-direction than in the converse direction.
Hysteresis was consistently observed in 17 of the 25 units examined, tending to be more pronounced in those units with greater sensitivity to eye position, and ranged from 5 to 17 spikes l s -l (mean 8.6 spikes s-l); such hysteresis is equivalent to the rate changes associated with shifts in fixation of 2.1-4.7' (mean 3.8"). We do not feel that this hysteresis is due to irregular fixation on the part of the monkey, though it must be conceded that the resolution of the oculogram is only about lo (possibly a little better for the horizontal and a little worse for the vertical). We were unable to document hysteresis reliably in units with position sensitivities of less than 1.7 spikes l Udeg.
Sinusoidal eye movements, whether elicited by tracking the CR0 spot with the head stationary or fixating the distant, stationary LED target during chair oscillation, evoked the same modulation from these units. In the case of the horizontal units with linear rate-position curves, the modulation was clearly sinusoidal (though, of course, high-threshold units only discharged during a portion of the cycle), and peak discharge was usually phase-advanced on peak eye position, suggesting the existence of an eye velocity component of discharge in addition to the eye position component already discussed; at 0.2 Hz, *20", phase lag relative to eye velocity for 62 such units ranged from 2 to 91° and averaged 61.1" (see Fig. 7 ). Approximately two-thirds of the units had phase lags in the range 60-80' relative to eye velocity. The nonlinear units showed very similar phase lags, ranging from 4 to 81", and averaging 60.9' (vt = 19).
The VOR (light) paradigm was used to evoke the smooth eye movements needed to determine rate-velocity relationships for these units -the animals were prepared to perform in it with such low levels of water reinforcement that it was preferred over 90-and the G- "zero velocity" rates plotted in Fig. 8 were obtained during steady fixation 80-in the primary gaze position following saccades from orbital positions in the onand off-directions.
-
The slopes of these rate-velocity curves z define the velocity sensitivities of the $oneurons, and among the small sample of s units studied (n = .-18)) velocity sensitivities 5f Lowere up to 21% greater for movements in k the on-direction than for the converse 8 (mean, 11.6%). Some estimate of the dis-PCNtribution of velocity sensitivities within the 4 hi population as a whole can be obtained from = 30 - the phase data in the sinusoidal tracking experiments . If the observed modulation during sinusoidal eye movements is the 20 - vector sum of two sinusoids, equivalent to the position and velocity components of discharge (and hence, phase shifted 90° 10 - with respect to one another), then the Right resultant phase is given by the arc tangent Ob I of the ratio of those two components. Since 6 . Changes in maintained discharge rate during sequential steady fixations along the position vector for a phasic-tonic GLIE. Arrows indicate the sequence of fixations and numbers correspond to the maintained discharge rates (in spikes s-l to the nearest whole number) during fixation, estimated from 2-to 5-s spike counts after asymptote was achieved.
the standard tracking paradigms. Trianglewaveform oscillations (+20", 0.1-0.4 Hz) were used and spikes were counted during the 500-ms period bracketing the instant at which the eye passed through the primary gaze position. Over this rather restricted velocity range (t 8-_ +32 deg l s-l), all of the 18 horizontal units with linear rate-position curves that were tested also had linear ratevelocity curves, but often showed discontinuities around zero velocity. Two kinds of discontinuity were evident, and examples of both are shown in Fig. 8 . The first was a tendency for the rate-velocity curve to be steeper for eye movements in the ondirection than for eye movements in the offdirection. This was very minor compared to the second discontinuity, which took 8 . Relationship between discharge rate and eye velocity during linear pursuit eye movements for four phasic-tonic GLIEs. The zero eye velocity values were determined from the maintained rates during steady fixation at the midgaze position acquired by eye movements in the on-and off-directions. Each point is the average of 5-10 determinations. Regression lines were fitted to the linear segments. and the regression line had a slope of 0.9 was possible to estimate the equivalent with an intercept at 0.13. (Note that for sensitivity to eye velocity from the phase this comparison, the phase was determined of the neural response during sinusoidal pursuit. That such data provide reasonable from the peak excitatory neural response estimates of velocity sensitivity is apparent from the 18 units for which rate-velocity and the rate-velocity slopes were for oncurves were plotted. Comparing the estidirection pursuit.) The distribution of velocmates from the sinusoid data with the direct ity sensitivities for 53 horizontal units with measures from the rate-velocity curves yielded a correlation coefficient of 0.96, linear rate-position curves, estimated from modulated during sinusoidal chair oscillation roughly in phase with velocity and were uninfluenced by ongoing oculomotor behavior. Thirty-six percent (17/47 units) increased their discharge during the ipsilateral phase of chair oscillation (type VI after the classification of Duensing and Schaefer (12) ) and the remainder during the contralateral phase (type VII). Only 23 of these units were isolated for a long enough period to permit quantitative assessment of their sensitivities to chair oscillation (peakto-peak neural response/peak-to-peak chair velocity), which with 0.2 Hz, t20" stimulation, ranged from 0.15 to 1. 9 for the population distribution). There was no significant difference between the VI and VII units in this small sample; mean sensitivity of the VI units was 0.77 (n = 16) and of the VII was 0.64 (n = 7). (It will be recalled from the preceding paper that in the normal stereotaxic position, horizontal and vertical canal primary afferents respond as type VI and type VII, respectively, and the modulation of the former is on average more than twice that of the latter (48) .) The phase of the excitatory neural response during oscillation (see Fig. 10 ) was very similar to that seen in primary afferents (20, 48) , invariably leading chair velocity; with 0.2 Hz, *20" stimulation, phase lead relative to velocity ranged from 2 to 36", and averaged 10.6' (n = 18). However, resting discharge rates were on These units modulated like vestibular-only units during chair oscillation but, in addition, paused during saccades in one or more directions. Of the 70 units in this category (9.1% of all GLIEs), 64 paused during saccades in any direction and the remainder only during saccades in one particular direction. Extensive documentation of the saccade-related pauses was not undertaken though it was clear that the last spike before the pause usually preceded the onset of the saccade (by intervals ranging from 0 to 33 ms, average 10.3 ms). The duration of the pause varied considerably from unit to unit; the ratio, pause duration/saccade duration, for 23 units ranged from 0.57 to 1.38 and averaged 1 .Ol. Unit sensitivities to sinusoidal chair oscillations (0.2 Hz, t 20") estimated from the peak-to-peak modulation were the same whether measured in the head velocity or VOR (light) paradigms and ranged from 0.32 to 2.01 spikes l s+/deg l s-l, with a mean of 1.01 spikes l s+/deg l s-l (n = 35); values were very similar in type VI and type VII units (means, 1.06, and 0.95, respectively). Again, the phase of the excitatory neural response was advanced relative to head velocity (see Fig. lo) , the lead ranging from 1 to 32' and averaging 14.3" (vt = 25). Resting discharge rates ranged from 41 to 142 spikes *s-l, averaging 72.2 spikes l s-l. Thus, vestibularplus-saccade units were on average slightly more sensitive to vestibular stimulation and had higher maintained rates than the vestibular-only units.
VESTIBULAR-PLUS-POSITION
UNITS.
In the head velocity paradigm, during which the monkey was oscillated and required to fixate a target moving with the chair (necessitating that the monkey suppress the compensatory eye movements normally associated with such vestibular stimulation), the activity of these units modulated roughly in phase with chair velocity as if receiving a vestibular input. However, when the head was held stationery, the activity of these units also modulated tonically in association with eye movements. Saccade-related transient firing varied considerably among the 97 units in this category (12% of all GLIEs), and included brief pauses (during all saccades in 43 units, only during saccades in particular directions in 9 units), bursts (during all saccades in 4 units), bursts during saccades in the ondirection for maintained firing and pauses during the converse (10 units, cf. bursttonic units), smooth transitions (21 units), and finally mixed bursts, pauses, and smooth transitions (10 units).
The on-directions for the vestibular and eye position components of unit discharge showed all possible combinations (see Table  4 ), though it should be noted that among the units with horizontal eye position ondirections, the associated vestibular input was most often of the opposite directional polarity: 47 of the 63 units were of the vI/eII or vII/eI type.
Considering the vestibular-plus-position unit population as a whole, sensitivities to horizontal vestibular stimulation (as estimated from the peak-to-peak modulation in the head velocity paradigm with the 0.2 Hz, Estimates of the sensitivity to head velocity of vestibular-plus-position GLIEs, based on the peakto-peak neural modulation in the head velocity paradigm during horizontal sinusoidal oscillations with the head in the zero stereotaxic position. Units are identified according to their eye-position vectors. k20") was very similar to that observed in the vestibular-only and vestibular-plus-saccade populations, ranging from 45' lead to 6" lag relative to head velocity (average, 15.1" lead; yt = 69), see Fig. 13A .
Rate-position curves were determined for 69 of the 80 vestibular-plus-position units sensitive to horizontal eye position and most were linear (56 units, 81%). The distribution of horizontal eye-position sensitivities within the linear population is shown in Fig. 12 and ranges from 0.15 to 3. During sinusoidal pursuit tracking (0.2 Hz, t 20")) vestibular-plus-position units with linear rate-position curves modulated sinusoidally and invariably were phase advanced relative to eye position (see Fig.  13B ), suggesting the existence of a velocity component of firing in addition to the position component already documented; phase lag relative to eye velocity ranged from 24 to 77' and averaged 60.2' ( yt = 4 1). Eleven units with nonlinear rate-position curves showed very similar phase lags relative to eye velocity: range, 3 l-82", with a mean lag of 57O. Eye velocity sensitivity determined from the phase during sinusoidal pursuit was compared with that determined directly from triangle-waveform GLIEs. Position sensitivities were determined from slopes of the rate-position curves (only the linear units are shown). The velocity sensitivities were estimated from the phase of the peak excitatory neural response during sinusoidal pursuit eye movement (0.2 Hz, 220"). pursuit in 12 units with linear rate-position curves and in 4 with nonlinear curves. The correlation coefficient was 0.90 and the slope of the regression line was 1.20 with an intercept at 0.05. Thus for these 16 units, the direct measures from the ramp tracking were on average about 20% greater than the estimates based on the phase during sinusoidal tracking. Phase information from sinusoidal tracking experiments was available for 33 horizontal units with linear rateposition curves, and the distribution of the eye velocity sensitivity estimates based on these data is superimposed on Fig. 12 . These estimates ranged from 0.07 to 1.89 spikes l s+/deg l s-l, and averaged 0.46 spikes. s-lldeg l s-l.
So far, we have only considered the behavior of vestibular-plus-position units in paradigms in which only one of their two basic signal components was operating. In the VOR (light) paradigm, the vestibular and oculomotor influences on these neurons both come into play; the animal fixates a distant stationary target while being oscillated about the vertical axis, so that both eye and head movements are generated (equal in amplitude but 180° out of phase). That the vestibular and oculomotor signals probably sum algebraically in this paradigm is most readily appreciated from the data obtained with triangle-waveform stimuli. Figure 14 shows the responses of a VI/e11 unit in the head velocity paradigm (A), the VOR (light) paradigm (B), and the eye velocity paradigm (C). That the difference between the modulations in A and B is probably due solely to the eye movements in the latter (i.e., B -A = C) is apparent from the computed difference between them; see the line (representing B -A) superimposed on the unit trace in C. Similar agreement between the modulation observed in the VOR paradigm and that predicted from the computer sum of the responses in the head and eye velocity paradigms was observed in 22 other vestibular-plus-position units, 5 of which had nonlinear rate-position curves. Of course, the summation is also apparent with sinusoidal stimuli and Fig. 13 illustrates the phase shifts that (predictably) occur in those units with linear rate-position curves in passing from the pure head velocity (A) and eye velocity (B) paradigms to the VOR (light) paradigm (C). Phase differences between A and C, both measured relative to chair (head) velocity, are due to the associated compensatory eye movements. As expected, units sensitive only to vertical eye position modulated in identical fashion in the two oscillation paradigms (A and C). Units whose vestibular and oculomotor signals were "synergistic" in the VOR (light) paradigm (VI/e11 and vII/eI) were more phase lagged in that paradigm than in the head velocity paradigm, with mean lags relative to chair velocity of 11.9' (mean difference in phase between the VOR (light) and head velocity paradigms was 27").
Those units with signals that were "antagonistic" in the VOR (light) paradigm (VI/e1 and vII/eII) on the other hand, showed either a relatively small phase advance (5/13 units: mean phase lead of 36.2Orelative to head velocity, which represents a mean advance on their phase in the head velocity paradigm of 16"), or a very large phase lag (8/13 units: mean phase lag of 66.8" relative to head velocity, which represents a mean lag on the phase in the head velocity paradigm of 77.9").
Visual units
A small number of units (21 units, 2.7% of all GLIEs) were driven by rapid shifts of the visual field (Fig. 15A) . The monkey viewed the laboratory through a mirror galvanometer (monocular viewing, ipsilateral eye), which could be oscillated about the vertical axis, and sudden rapid deflections of the mirror evoked a brief burst of activity from the unit in the absence of any associated eye movements. Response latencies in these units were quite long, ranging from 70 to 125 ms (mean, 87 ms; n = 21). Fifteen of the 21 units responded equally well to rapid movements in either direction, while the remainder showed a strong preference for ipsilateral movement, but only three of them were truly directionally selective and inhibited by the contralateral movement.
However, at lower velocities in the range evoking ocular pursuit, all units showed strong ipsilateral directional preferences, though responses overall were often weak. Thus, referring again to Fig. 15 , it can be seen that the unit excited by rapid image shifts in either direction showed excitation only during the ipsilateral velocity phase of pursuit in the eye velocity and head velocity paradigms (downward deflections of the target/eye in B and C). These records were obtained when the monkey tracked targets moving against a stationary, featured background and similar, though less vigorous, modulation was evident when the background was dark (not shown). However, because of the limitations of the oculogram, we could not be certain that tracking performance was comparable in the two situations; hence, it is unclear whether the effect of the background on the discharge was due to peripheral retinal inputs. Unfortunately, we were unable to move the background independently of the fixation target and also did not attempt to plot visual receptive fields. Perhaps not surprisingly, 15 . Discharge patterns in a GLIE receiving visual inputs. A: animal is viewing a highly textured scene through a mirror mounted on a galvanometer (monocular viewing, ipsilateral eye). Note bursts of activity evoked by each rapid (horizontal) shift of the mirror. Some of data are displayed with a faster time base to indicate the absence of eye movements during these rapid shifts (though, of course, occasionally the movement would coincide with a spontaneous saccade). B: eye velocity paradigm (stationary featured background, binocular viewing). Note that the modulation is now mostly restricted to excitation during the ipsilateral phase of pursuit (downward deflection of the target/eye). C: head velocity paradigm (stationary featured background, binocular viewing). Note that modulation is limited to excitation during the ipsilateral phase of target/head/gaze movement. D: VOR (light) paradigm (stationary target and background, binocular viewing). Note that there is negligible modulation. Black dots indicate the occurrence of blinks.
little modulation was evident in the VOR (light) paradigm (see D in Fig. 15 ).
In general, these units modulated much more vigorously in relation to sudden shifts of the target than to the low-level slip associated with pursuit (at least in the velocity range that we employed), and this was particularly evident when the monkey tracked targets moving with a triangle waveform. An example is seen in Fig. 16 , where it is apparent that most of the modulation is associated with the turnaround of the rates ranging from 3 to 105 spikes-s-l and averaging 39.4 spikes s-l) and paused during all saccadic eye movements.
Vergencelaccomodation units A small number of GLIEs failed to modulate in relation to any paradigm except to alter their maintained discharge rates when the monkey shifted fixation between near and distant targets. Of the 30 such units (3.9% of all GLIEs), 16 increased their discharge with near fixation and the retarget. All 21 units showed some maintained mainder with distant. Referring to these as activity in total darkness (resting discharge near and far units, respectively, mean 16 . Discharge patterns in a GLIE receiving visual inputs. Top: response to retinal slip associated with the sudden turnaround of the target during triangle-waveform horizontal pursuit (dark background). Bottom: a segment of the same data displayed with a faster time base. The "retinal image" trace was obtained by subtracting the eye movement signal from the target signal; note that it is displayed at a much higher gain. The black dots indicate the occurrence of blinks. The unit response was largely limited to excitation during ipsilateral retinal slip (downward "retinal image" deflections), though there is some slight suggestion that this unit is inhibited by the converse image movement. discharge rates measured while the monkey 3-67 spikes l s-l) for the latter. The mean was fixating the 20.cm (near) target were rate changes when the monkey transferred 51.8 spikes l s-l (range, 18-110 spikess-l) fixation to the 6-m (distant) target were a for the former and 26. spikes l s-l) in the near units and an increase of 53.8 spikess-l (range, 12-122 spikes s-l) in the far units. The activity of these units was unrelated to pupillary movements induced by directing light into the eye and would seem to be concerned with vergence and/or accommodation. Some of the GLIEs carrying tonic eyeposition signals were also observed to alter their maintained firing with changes in the fixation distance (21 near units and 17 far), and it seemed conceivable that such neurons were merely discharging in relation to the movements of only one of the two eyes, e.g., a neuron increasing its discharge with ipsilateral eye position and distant fixation might be firing merely in relation to the position of the ipsilateral eye, etc. All four combinations of preferred on-directions and fixation distances (left/right and near/ far) were seen but, at least in some cases, the changes in rate with fixation distance were more than could be accounted for by the change in the position of either eye. Thus, at least some of the units encoding eye position also carry independent vergence/accommodation signals. Further analysis of the latter would require somewhat better eye position monitors than those employed in the present study. For three of these units, the dependence of discharge on eye position and fixation distance was quite complex: the on-direction for maintained discharge with near fixations was the reverse of that for distant fixations!
Miscellaneous units
Occasional GLIEs exhibited maintained discharges that were interrupted by pauses or bursts during blinks (eight units, approximately 1%). Late in the project, it was found that some of the blink-pause GLIEs almost ceased firing during prolonged lid closure induced by gently touching the eyelids or regions around the eyes. Such units were uninfluenced by light/dark changes. Five of the bursting saccade-only units mentioned earlier also emitted bursts in relation to blinks.
Other GLIEs (40 units, 5.2%) were probably related to attempted head turns, which of course were thwarted by the headfixation mount, but were nonetheless evident on the head torque monitor. These units were superficially similar to those discharging in relation to eye position, but their maintained rates were much less regular and their saccade-related responses were much more viable (in both intensity and timing). Some 5.8% of GLIEs (45 units) failed to discharge consistently in relation to any of the paradigms employed by us.
II. Presumed Interneurons in Floccular Cortex
This section reports recordings from interneuronal elements, which we have tentatively identified as Golgi cells in the granular layer (see METHODS).
Such units were not encountered as often as GLIEs or P-cells and we did not document them extensively. All discharged with unusually regular interspike intervals (see METHODS). Curiously, the activity of many of these units (511122 units, 41.8%) was unmodulated in any of our paradigms (maintained discharge rates ranged from 10 to 80 spikes. s-l, averaging 32 spikes l s-l). The discharge characteristics of almost one-third of these presumed interneurons (36 units, 29.5%) resembled eye movement-related GLIEs, some producing weak saccade-related bursts (12 units) and others showing tonic discharges related to static eye position (24 units). The latter often had nonlinear rateposition relationships (16/24 units), frequently "saturating" near the midgaze position, and their on-directions were mostly contralateral (17/24 units). Visual responses were evident in three of these presumed interneurons, which showed a marked preference for ipsilateral retinal slip; one of these also discharged in relation to horizontal eye position with an ipsilateral ondirection.
One further type of interneuron also carried tonic oculomotor signals (32 units, 26.2%) but displayed certain characteristics not seen in either the GLIEs or P-cells. The behavior of one such typical neuron is shown in Fig. 17 , the most striking feature being the marked decay in firing during prolonged eccentric fixation. The smooth, roughly exponential, rate changes had time constants ranging from 1.9 to 17 s (mean 6.5 s). Note that the incrementing and decrementing processes carried the discharge rate beyond the resting level so that the asymptote achieved by the former was invariably higher than that achieved by the latter. Using the initial (transient) response to define the on-direction for each unit, 19 were contralateral, 2 ipsilateral, 4 up, and 3 down. Discharge frequency-response profiles during sinusoidal and triangle-waveform pursuit were very distorted compared with those of any eye movement-related GLIEs (see Fig. 17) ; it was not all clear how their responses could be quantified. Most of these units showed little or no modulation in the head velocity paradigm and their responses in the VOR (light) paradigm were essentially identical to those during horizontal tracking. The four remaining presumed interneurons that showed surging/decaying discharge profiles during prolonged fixation that were virtually identical to those seen in Fig. 17 did so only when the fixation transition was between near and distant points and not, as previously, between eccentric ones. Such units did not modulate in any other paradigms and are presumably related to vergence/accommodation.
III. Purkinje Cells
Three hundred forty-six floccular P-cells were characterized on the basis of their simple spike responses in the first five paradigms set down in the METHODS, and each was placed in one of four broad response categories; see Table 5 .
Eye Movemen t-Only P-cells
These P-cells were sensitive only to eye movements, regardless of their origin (vision and/or vestibular). Fifteen of the 78 P-cells in this category modulated only in relation to saccadic eye movements, interrupting their maintained discharge (mean rate 72 spikes *s-l) with brief pauses and/or bursts, usually independent of the direction of the saccade. Unit rasters synchronized to the saccadic eye movement revealed that the timing and intensity of these responses were both considerably more variable than was the case with GLIEs. Actually, this was true of the transient saccade-related discharges in all P-cell types, including the 63 remaining units in this category whose maintained rates were sensitive to eye position. Rate-position relationships were not examined in detail but the dis- 18 . Discharge characteristics of a horizontal gaze velocity P-cell. All traces are moving average displays (500 overlapping time bins of width 48 ms) for 12 cycles of data. Upward deflections of target/chair/eye denote ipsilateral movements. Note that the maintained rate of discharge is higher in B than in A ; this unit was also sensitive to fixation distance and showed increased maintained rates with near viewing. Instantaneous frequency is in spikes l s-l.
charge modulation associated with fixations -that have the same directional prefer-20' to either side of (or above and below) ences, are on average of similar strength, the midgaze position revealed that their and sum algebraically; in effect, the discharge sensitivities to eye position were quite low modulaton of this population of P-cells encompared to those of GLIEs, estimates codes horizontal gaze velocity. The disranging from 0.15 to 1.63 spikes l s+/deg and charge characteristics of one such cell are averaging 0.65 spikes l s+/deg ( yt = 58 units).
shown in Fig. 18 . It will be noted that the Modulation was roughly sinusoidal during neuron modulates in both the head velocity sinusoidal tracking, suggesting that the rate-and eye velocity paradigms, in each case the position relationships were probably linear depth of modulation being about the same and, since these neural responses were and the response peaking during the ipsisomewhat advanced on eye position, problateral velocity phase. Of the 13 1 recorded ably also included an eye velocity com-cells in this category, 127 increased their disponent; with 0.2 Hz , +20", phase lag relative charge during the ipsilateral phase of head to eye velocity for 19 such cells ranged from and eye movement. In the VOR (light) para-3 1 to 8 1" (average 61"). Rate-velocity curves digm, however, when gaze velocity is zero were not constructed, but the mean phase (head and eye velocity are equal and opduring sinusoidal tracking would correspond posite), little modulation is apparent: the to a mean velocity sensitivity of 0.29 spikes.
head and eye velocity components of P-cell s+/deg s-l if linear rate-position and rate-discharge are of about equal strength and velocity relationships are assumed. Mainclearly cancel ape another. tained rates of firing were, in general, quite
In an earlier report dealing with these dishigh at the midgaze position (range, 20-to charge characteristics, Miles and Fuller (50) 153 spikes l s-l; mean, 76.4 spikes *s-l; y1 suggested that these P-cells may also carry a = 63) and extrapolations based on the above crude estimates for position sensitivity suggest that 57/58 of these units would be active over the full t50" range of eye movements (the one exception being recruited at 43' in the off-direction).
Horizontal gaze velocity P-cells
These P-cells carry independent vestibular and oculomotor signals-related to horizontal head and eye velocities, respectively visual signal, but this now seems unlikely to be very common. Thus, mossy fiber visual responses were rarely seen, only 2.7% of GLIEs being driven by retinalimage slip. A significant climbing fiber visual drive is also unlikely since few complex spikes (9.4%) modulated at all in any of our tracking paradigms, and then only very weakly. Finally, and probably most significantly, we concur with Lisberger's and Fuchs's (36) finding that on those occasions when the eye falls behind the target during 35 ocular pursuit then, in most cases (23/25 units examined), P-cell discharge also tends to fall; i.e., discharge is more closely tied 30 to the response (gaze velocity) than to the stimulus (target velocity). This indicates that for most P-cells, visual influences, 25 even if present, must be less powerful than the vestibular (head velocity) and oculo-2 motor (eye velocity) influences. Since the ? 20 pursuit gain (gaze velocity/target velocity) 8 was commonly 0.95 in the steady-state con-5 ditions in which we have assessed the f 15 strengths of the head and eye velocity signals, the potential visual "contamination" is less than 5%. We assume that the modulation in the head 5 velocity paradigm is mostly vestibular in origin and have used it as an index of the vestibular (head velocity) sensitivity of 0 these P-cells. With 0.2 Hz, t20" chair oscillations, peak-to-peak measures of the neural response in this paradigm for 111 horizontal gaze velocity P-cells yielded estimates of head velocity sensitivity that ranged from 0.02 to 3.19 spikes l s+/deg l s-l and averaged 1.03 spikes l s+/deg . s-l. The phase of the excitatory neural response relative to head velocity ranged from 55' lead to 5 1" lag and averaged 11.6' lead ( YL = 108); see Fig. 19 . When the equivalent measures were applied to the data from the eye velocity paradigm (after subtracting any position component: see below), they yielded eye velocity sensitivities ranging from 0.2 1 to 2.86 spikes l s-Vdeg l s-l (average, 1.02 spikes l s+/deg l s-l; y2 = 111); phase relative to eye velocity ranged from 59' lead to 53O lag (average, 7.6O lead; y1 = 105). When the strengths of the head and eye velocity signals carried by each individual P-cell are compared (see Fig. 20 ), it is apparent that there is considerable variation in their relative weightings but, for the P-cell population as a whole, the two are about equal; the correlation coefficient is 0.87 while the regression line has a slope of 0.93, which is not significantly different from 1, and an intercept at 0.09, which is not significantly different from zero (Student's t test). Seventy-nine of the horizontal gaze velocity P-cells (71.2%) also showed some sensitivity to eye position during maintained fixation (56 increased their rate with ipsilateral fixation and 23 with contralateral), though in most cases it was rather weak; based on the modulation seen with 220" fixations, estimates of average position sensitivity for individual P-cells ranged up to 0.87 spikes l s'ldeg (average, 0.26 spikes l Udeg) in the cells with ipsilateral on-directions and up to 0.62 spikes. s+/deg (average, 0.17 spikes l s+/deg) in the cells with contralateral on-directions.
Clearly, such position signals will contaminate the estimates of eye velocity sensitivity based on the peak-to-peak modulation observed during sinusoidal tracking, but for most P-cells these errors are quite small. Rate-velocity curves were determined for 29 of the horizontal gaze velocity P-cells; hence, it was possible in these particular cases to check the accuracy of the eye velocity sensitivity estimates based on sinusoid data. Figure 21 shows some sample rate-velocity curves for these P-cells and it is evident that they are similar to those observed earlier in GLIEs and have a segmented-linear form with discontinuities Comparison between sensitivities to head and eye velocity for individual horizontal gaze velocity P-cells.
A
around zero eye velocity. Thus, there were / step changes in rate that were in accord with static hysteresis (7/29 cells), and there were abrupt changes of slope that indicated that the velocity sensitivity was greater for pursuit eye movements in the on-direction than for the converse. The differences in the slopes of the rate-velocity curves for on-and off-direction eye movements ranged up to 2.1 (mean 0.35) and, hence, were somewhat greater than those observed in GLIEs. Figure 22 compares the velocity sensitivities determined from the slopes of the ratevelocity curves with those estimated from the sinusoid data. Since the sinusoid meas- not significantly different from zero (Stu-dent's t test). Ten of these 29 P-cells also modulated in relation to steady eye position and we attempted to estimate the extent to which these position signals were distorting the velocity sensitivity measures based on the sinusoid data. If the discharge modulation during sinusoidal tracking is regarded as the sum of two sinusoids of amplitudes A, and AZ, representing the position and velocity components, respectively (and hence 90' out of phase), then the resultant amplitude of modulation would be given by the expression, vA12 + A,2. It is, therefore, possible to subtract out the position component of discharge and then reestimate the velocity sensitivity. These "adjusted" estimates of velocity sensitivity are indicated by open circles in Fig. 22 . (It should be noted that when the velocity and position components share the same on-direction, then the error is one of overestimation, while the converse applies if the on-directions are opposed.)
It is clear from Fig. 22 that, for these 29 P-cells at least, the errors introduced by the position component were quite small. Nonetheless, it was decided to apply the "correction" to the eye velocity estimates for all neurons; it is these values that are used in Fig. 20 and the ranges and means quoted earlier. The adjustments ranged from -28.6 to +11.4%, but averaged only 0.8% and were appreciable (that is, greater than 5%) in only 7 of the 111 horizontal gaze velocity cells. No adjustments were attempted to compensate for static hysteresis, which was only measured in a few P-cells.
It should also be noted that 31 of the 137 Pcells classified as horizontal gaze velocity cells (22.6%) also modulated weakly during the velocity phase of vertical pursuit. No quantitative analysis of these discharges was undertaken.
Because of our interest in the regulation of the gain of the VOR and particularly in the possible contribution of the flocculus to this process, it was important to determine the P-cell modulation during chair oscillations in total darkness-the stimulus conditions used to determine the gain of the reflex. The VOR gain is close to unity in the normal monkey, hence in this situation eye velocity is approximately equal in magnitude but opposite in direction to the head velocity; since the corresponding velocity signals carried by these P-cells are of comparable strength, one might, therefore, expect to see very little modulation. In fact, to a first approximation, the modulation observed in the VOR (dark) paradigm was as expected. A quantitative assessment of the responses of the horizontal gaze velocity P-cells in this paradigm by computer averaging was only possible in 48 of the 111 cells assessed in the head and eye velocity paradigms; the responses of the remainder of the cells were too contaminated with position signals and/or saccaderelated discharges-both beyond our control in the VOR (dark) paradigm-to allow simple averaging. Twenty-two of the cells examined (46%) showed no measurable modulation with 0.2 Hz, 220" chair oscillations in the dark, while one cell modulated weakly in favor of the eye velocity signal (VII modulation) and the remainder favored the head velocity signal (VI modulation). Sensitivity to such oscillations, measured as peak-to-peak neural response/peak-to-peak chair velocity, ranged from 0.08 spikes l s-l/ deg l s-l in the only type-v11 cell to 0.34 spikes l s+/deg l s-l in the type-v1 cells, with an overall net VI modulation averaging 0.10 spikes l s-l/&g l s-l. The latter was equivalent to 8.4% of the average response in the head velocity paradigm (the average vestibular sensitivity for these cells being 1.19 spikes l Hdeg l s-l), a figure that compares well with the 9.9% expected (given that the average eye velocity sensitivity for these cells was 1.13 spikes l s+/deg l s-l and that the average VOR gain was 0.95).
TIMING OF P-CELL DISCHARGES.
When triangle waveforms were employed in the pursuit paradigms, the monkey would consistently overshoot the target at each turnaround. Some examples of this are shown in Fig. 23 , together with the instantaneous frequency of discharge in a horizontal gaze velocity P-cell. The monkey's gaze velocity was usually sustained beyond the target turnaround point for at least 75 ms and sometimes for as long as 200 ms (average, 85 ms). This continuation of pursuit is probably not surprising because there is a finite delay in the system. EIowever, it should be noted that in the head velocity paradigm (C and D), the eyes are moving at twice the velocity of the chair during much of this time (the period encompassed by the arrows in Fig. 23C and D) . This persistence of gaze pursuit following sudden changes in chair (head) movement is similar to that found by Lanman, Bizzi, and Allum (34), who interrupted voluntary head movements during combined eye-head tracking.
The raggedness of the P-cell discharges often made it very difficult to specify the exact times at which units altered their discharge; changes in gaze velocity were also frequently difficult to specify accurately. Thus, it was extremely hard to discern the temporal correlation between unit discharge and gaze velocity, and the problem could not be solved by computer averaging. We, therefore, had to rely on close scrutiny of original records such as those seen in Fig. 23 . Of the 29 cells studied in this way, a clear onset in discharge could only be defined in 17. In this subpopulation, changes in firing usually commenced at about the same time as the changes in gaze velocity but could deviate from this by up to 50 ms, even from one trial to another with the same cell.
Like Lisberger and Fuchs (36), we observed "overshoots"
and "undershoots" in the discharges of some gaze velocity P-cells following the turnaround during trianglewaveform pursuit (lY29 units). We undertook no quantitative analysis of these possible ' 'acceleration' ' components of P-cell discharge. It is conceivable that they result from visual inputs, but it will be recalled that most of the visually driven GLIEs were excited by the turnaround of the target in either direction.
Most horizontal gaze velocity cells had quite high maintained-discharge rates (range, 19-131 spikess-l; average, 71.2 spikes l s-l; y2 = 13 1), which were interrupted by pauses and/or bursts during saccadic eye movements in one or more directions. These saccade-related changes in firing were often very weak and variable in both timing and intensity, and quantitative documentation was not attempted. It was also noticed that a few cells (15) modulated in relation to blinks, three of them bursting and the remainder pausing. Two of the latter were quite striking in that they virtually ceased firing during prolonged lid closure induced by gentle touch; these effects were equally apparent in the dark and hence are not due to the luminance changes normally associated with lid closure.
Presumed vertical gaze velocity P-cells
An appreciable number of P-cells that modulated during the head velocity paradigm showed excitation during the contralateral phase of head movement (65 cells, 18.8%). However, such modulation was usually weak, the sensitivity to head velocity ranging from 0.1 to 1.4 spikess-Vdeg l s -l, and only averaging 0.43 spikes l s-l/ deg l s-l. This is less than half the equivalent sensitivity of the horizontal gaze velocity cells discussed above. Though some of these units also modulated during the eye velocity paradigm as if they were very weak horizontal gaze velocity cells with a preference for contralateral movement, most (59/ 65 units) modulated more vigorously during the velocity phase of vertical tracking. A further 13 P-cells (3.7%), which modulated vigorously during the velocity phase of vertical pursuit, were weakly excited during the ipsilateral phase of chair movement in the head velocity paradigm. It seems likely that most of these P-cells were actually vertical gaze velocity cells, but since we were unable to document the vertical head velocity signal adequately, a quantitative appraisal of them was not attempted. Interestingly, 90% of these cells (70 units) were excited during downward tracking.
Miscellaneous P-cells About 10% of the P-cells (35/346 units) showed modulation in the head and/or eye velocity paradigms but did not fall readily into any one of the above categories; e.g., some responded with excitation during both the ipsilateral and contralateral phases (5 units), others responded with excitation during one phase in the head velocity paradigm and the converse in the eye velocity paradigm (7 units) , while yet others responded in either the head or the eye velocity paradigms but not both (23 units) . No quantitative appraisal of these units was attempted.
Vergencelaccommodation effects
An appreciable number of P-cells altered their tonic background firing levels when the monkey shifted fixation between near (20 cm) and distant (600 cm) targets lying along the same cyclopean optic axis. We believe that these changes are related to vergence and/or accommodation and the population responses are shown in the histogram in Fig.  24 . There was no apparent correlation between a neuron's sensitivity to vergence and its sensitivity to eye position, gaze velocity, or whatever, e.g., of the 53 hori- zontal gaze velocity P-cells (all with ipsilateral on-directions) that were also sensitive to fixation distance, 24 were of the convergent type (increased discharge rate with near fixations) and 29 divergent. Note that all resting discharge rates given in this paper were determined with the monkey fixating the near (20 cm) target.
Climbing fiber responses
Complex spikes were sufficiently prominent in 128 P-cells to allow us to trigger separately on them, and their discharges were examined in relation to the eight basic paradigms. All fired irregularly at very low rates, usually about l/s. Only 15 climbing fibers were observed to modulate consistently in any of the paradigms, and in every case it was extremely weak. Three fibers emitted one, or very occasionally, two spikes in association with each saccadic eye movement (though the timing was often rather irregular), and the remainder "modulated" weakly in the head and eye velocity tracking paradigms, typically discharging 2 or 3 spikes during one half-cycle of the 0.2 Hz stimulation and remaining silent during the other half. Invariably, the latter modulations were 180' out of phase with the associated simple spike discharges. Only one climbing fiber discharged in relation to the turnaround during triangle-waveform pursuit as if possibly receiving visual inputs, but there was considerable jitter in the timing and the response was usually only 1 or 2 spikes.
DISCUSSION
The ability to distinguish between input, output, and interneuronal elements in cerebellar recordings encourages attempts to deduce the general nature of the signal processing in the cerebellar cortical networks. Most previous attempts were largely concerned with the spatial aspects of cortical organization and attempted to infer information processing from the extraordinarily regular morphological arrangements revealed by histology and electrophysiological anatomy (14) . Our approach is concerned more directly with the signal content of the discharges of the various elements and we shall start by treating the floccular cortex as a black box with an input (the mossy fiber afferents) and an output (the P-cells); and attempt to discern the general nature of the signal processing within the cortical networks. Some possible mechanisms by which this might be achieved will then be considered within the constraints of the known anatomical arrangements. Finally, we shall discuss the functional significance of the primate flocculus in terms of a signal flow model of the VOR and the pursuit system.
Input
It is clear from the discharges of the GLIEs that the primate flocculus is not merely a side loop of the vestibuloocular reflex but receives information concerning a wide variety of events related to head and eye movements. In addition to vestibular signals encoding head velocity, floccular inputs commonly conveyed information about eye position and eye velocity -the latter including both smooth and saccadic eye movementsregardless of whether those eye movements were vestibular and/or visual in origin. In reporting similar findings, Lisberger and Fuchs (37) pointed out that the discharges of the mossy fiber inputs often resembled those recorded in various regions of the brain stem (4, 21, 23, 29-32, 39,46, 53,66) , some of which are known to project to the flocculus (2, 33, 60, 69-71). However, after a careful review of the literature, these authors concluded that the available data from brain stem recordings were not sufficient to allow them to specify exactly which cells were contributing their axons to the flocculus (37) .
Our sample of GLIEs has a larger proportion of vestibular-plus-position units than Lisberger's and Fuch's (37) and also includes a number of unit types which they did not report. The latter were relatively small in number and their discharges were related to vergence/accomodation, retinalimage slip, eyelid movements, and attempted head movements. Interestingly, recent reports indicate that the rabbit flocculus also receives mossy fiber visual inputs (43, 44) in addition to the well-known climbing fiber visual inputs (40-42, 44, 61) ; furthermore, the cat flocculus is now known to receive mossy fiber inputs from neck proprioceptors (69-71). The P-cells with properties most closely resembling those of a given GLIE type were the eye movement-only cells, and even so they were different in detail; like all P-cells, their discharges were generally less regular than those of the input elements and less well synchronized to ongoing events such as saccadic eye movements; furthermore, when tonically related to eye position, it was with rather low sensitivity compared to the GLIEs. However, in general such Pcell responses do not appear to result from any sophisticated signal-processing operations in the cerebellar cortical networks and seem rather to be a poor replica of discharge patterns already evident in the mossy fiber input.
By contrast, the gaze velocity cells, which were the commonest P-cell type, showed an arrangement of oculomotor and vestibular signals not found in any given granular layer input element. With their independent velocity signals separately encoding the head and eye velocity components during pursuit tracking, these gaze velocity P-cells are clearly the result of rather elaborate signal processing. Much of the subsequent discussion will be concerned with trying to establish the nature, mechanism, and functional significance of this aspect of floccular physiology.
Znformation processing in jloccular cortex
We shall now attempt to define the fundamental signal-processing operations in the floccular cortex, which result in the emergence of a neural facsimile of gaze velocity in many P-cells. Given the limited data base available, our focus will be general and some of the proposals tentative. directional preferences are merely discarded ("half-wave rectification"), but such redundancy would seem unlikely; there are ample excitatory and inhibitory access routes to the P-cell to achieve "full-wave rectification."
The eye velocity component of P-cell discharge must originate from the oculomotor-related GLIEs that modulate tonically during pursuit, but as pointed out by Lisberger and Fuchs (37) , these input elements (be they mossy fiber afferents and/or granule cells) always carry strong position signals in addition to the required velocity signals. In functioning to eliminate the DC (position) component from the oculomotor signal, the cortical networks can be regarded as a high-pass filter. Some of these input elements also carry independent vestibular signals (vestibular-plus-position units) and we assume that these must be processed separately. The processing of these signals is also further complicated by the fact that they frequently combine "opposing" head and eye velocity signals (vI/eII, vII/eI); it would seem that one or other of these components must be discarded. There are clearly a number of unresolved problems concerning the processing of such hybrid signals and we shall not consider them further.
LOW-PASS FILTERING.
The head velocity component of P-cell discharge must originate from the vestibular signals carried by the input elements, but the exact nature of the processing involved is not entirely clear. Of course. this processing is probablv modest since, to a first approximation, the vestibular signal itself encodes head velocity. The indications from Lisberger's and Fuch's (36) sinusoid data are that the velocity sensitivity and phase of the head velocity component of P-cell discharge are both constant over the frequency range OS-1.5 Hz, the phase being on average slightly lagged relative to the canal primary afferents, but still leading head velocity. Unfortunately, Bode plots are not available for the GLIE vestibular signals, though the phase measures made by us at 0.2 Hz (mean lead of 14" relative to velocity) and by Lisberger and Fuchs (37) at 0.9 Hz (mean lead of 24") are similar to those reported for primary afferents (20, 48) . Over the frequency range 0. l-1.0 Hz the velocity sensitivity of the canal primary afferents increases slightly with frequency (log-linear relationship (48) There are reasons for supposing that the head and eye velocity signals carried by the floccular P-cells are subject to adaptive gain control; however, these reasons are not necessarily related to the issue of VOR gain control, which is the subject of the next paper (49) . The signalprocessing problem that we have in mind is-how does the flocculus contrive matters so that, for the P-cell population as a whole (if not always for the individuals), the head and eye velocity signals emerge with roughly equal weightings ? Surely some adaptive, gain-regulating process must be operating to achieve such a balance? However, if there is a mechanism concerned with adjusting the strength of the two principal components of P-cell discharge, it does not appear to be simply matching the intrinsic synaptic efficacies of the two inputs. Thus, it will be seen in the next naper (49) that when the VOR gain is altered, these head and eye velocity signals are no longer of equal strength and appear to be adjusted so that, whatever the gain of the VOR (within limits), the output from the flocculus is minimal during normal head turns; the fact that they are comparable in the normal monkey appears to be a consequence of the fact that the VOR gain is normally close to one. This aspect of floccular physiology will be discussed more fully in the next paper (49) , but one further problem that should be touched on here concerns the absolute "gain" levels of the head and eye velocity signals. It will be argued later that these gaze velocity P-cells are part of a positive feedback loop supporting ocular pursuit and contribute a signal whose gain is close to being optimal. Again, it seems unlikely that such precision would be fortuitous and would seem to require adaptive processes in the cortical networks.
While saccade-related bursts are common in the GLIEs thought to convey the eye velocity component of the gaze velocity signal, they are much rarer and weaker in the gaze velocity P-cells, most of which pause briefly during saccades. Such bursts would be expected to pass through the high-pass filter network invoked above and we suggest that their suppression emanates from the saccade-only GLIEs (mostly bursters) via inhibitory interneurons.
Information processing in Jloccular cortex -some suggested mechanisms
The signal-processing operations discussed above were inferred from the information content of the input and output elements and were intentionally vague about mechanisms. However, we did obtain some recordings from interneuronal elements which, although fragmentary, suggest some simple conceptual approaches with which to view mechanistic problems. It will be recalled that some of the Golgi cells displayed most unusual (decaying) discharge profiles during prolonged eccentric fixation. In Fig. 25 we have attempted to incorporate the Golgi cell's curious response profile (unlike that of any GLIE or P-cell) into a plausible signal flow model which, though strictly hypothetical, had to meet a number of criteria. I) The signal flow channels must conform to the known anatomical arrangements (14) . The Golgi cell receives two major excitatory inputs-one, a mossy fiber input near its base, the other a granule cellparallel fiber input through its dendritesand has but one output that inhibits granule cells. The Golgi cells do not synapse directly on P-cells, but must exert their influence by modulating the mossy fiber pathway, and MILES, FULLER, BRAITMAN, AND DOW appear to constitute the return loop in a negative feedback network. 2) Although the Golgi cell receives large numbers of parallel fiber inputs through its massive dendritic arbors, its discharges were remarkably regular. Such clean discharge profiles indicate that the Golgi cell must be acting as a low-pass filter so far as its dendritic inputs are concerned and, hence, can be viewed as a "leaky" integrator. 3) Following a saccade to an eccentric orbital position, Golgi cell discharge shows a transient increase (or decrease) in frequency, followed by a gradual and prolonged decrease (or increase). In the model, the immediate, transient response is assumed to emanate from the direct mossy fiber inputs while the subsequent gradual decay is assumed to result from the "integrated' ' parallel fiber inputs. The resultant network in Fig. 25 is an example of integral control and, given appropriate parameters, would have a transfer function approximating a high-pass filter and produce an output with the ipsilateral on-direction characteristic of horizontal gaze velocity P-cells. However, in order to achieve the desired filtering of oculomotor signals (eliminate DC and advance the phase by 70-90° at 0.2 Hz), the time constant in such a network would have to be an order of magnitude less than the 6.5 s (average) actually observed in the Golgi cells. Such quantitative considerations show that at best, such a network can only perform some rudimentary signal conditioning (rectification and possibly drift suppression). Other presumed Golgi cells discharged more like eye movement-related GLIEs during prolonged eccentric fixation, though they did show more pronounced decays than were usual for GLIEs (with time constants of 1 s or less), were more frequently nonlinear, and showed more regular interspike intervals. However, such cells were very rare and more data are needed before they can be incorporated into a model.
At this point one might speculate that the inhibitory interneurons in the molecular layer also function as leaky integrators, perhaps with shorter time constants (in keeping with their smaller dendritic arbors?). Low-pass elements in an inhibitory forward path receiving e1 signals could operate to eliminate the unwanted DC (position) signals. Conversely, low-pass elements in an inhibitory forward path receiving VII signals could operate to attenuate high-frequency vestibular responses and introduce slight phase lag into the head-velocity (VI) component of P-cell discharge. Clearly, only recordings from such elements can begin to satisfy the questions raised here. It is evident, however, that all of this signal processing would be for naught if the large P-cell dendrites also acted as low-pass filters. One possible solution to this problem would be to invoke dendritic spikes (cf. Ref. 38) , which would reduce the effective time constant of the P-cell. Indeed, this might account for the exceptional irregularity of the P-cell discharge-action potentials are being generated at several different sites within the soma-dendritic membrane.
Functional considerations
In considering the functional role of the flocculus in eye-head coordination, we shall presume a clear distinction between the two major categories of P-cell-gaze velocity cells and eye position cells. Let us start with the former.
It is known that lesions of the primate cerebellum, and the flocculus in particular, are associated with deficits in ocular pursuit (55, 67, 68, 74, 75), and Fig. 26 represents our attempt to incorporate the horizontal gaze velocity cells into a simplified signal flow model of the open-loop vestibuloocular reflex and the negative feedback ocular pursuit system. A crucial assumption in this model is that floccular P-cell activity operates to induce ipsilaterally directed eye movements. There is good evidence for this in the rabbit (22, 25, 28) and cat (5, 59 ), where it is clear that it is achieved through inhibition of the vestibuloocular reflex pathways from the ipsilateral semicircular canals. Such evidence is not available for the monkey, although the limited anatomical data in the literature (9, 11, 24) is at least consistent with the anatomical arrangements in the rabbit and cat. However, as pointed out by Lisberger and Fuchs (37), it is not clear which of the various known cell types in the primate brain stem receive 26 . A simplified signal flow model of the VOR and the pursuit system incorporating the gaze velocity Pcells in the flocculus (bounded by the discontinuous lines). t, 6, &, and k represent velocity of target, head, gaze and eye, respectively. the inputs from the flocculus. Nonetheless, electrical stimulation of the flocculus in the monkey does elicit smooth, ipsilateral eye movements (58), the horizontal gaze velocity P-cells are excited during ipsilateral ocular pursuit, bilateral lesions produce deficits in ocular pursuit and, furthermore, unilateral lesions result in deficits in the visual suppression of vestibularly generated smooth eye movements directed toward the side opposite the lesion (63-65).
The input to the pursuit system is target velocity (t) and the output is usually considered to be eye velocity (e). However, under normal circumstances, head movements (h) are also frequently employed in tracking; hence, the signal fed back to the pursuit system is actually the sum of the head and eye velocities: gaze velocity (g). There is a complication concerning head movements, however, because the VOR operates to offset any effect that they may tend to have on gaze. Thus, with the VOR gain close to unity, the tracking head movement will actually contribute little to the gaze pursuit of the target and the task confronting the pursuit system will be essentially the same whether the head is moving or stationary; the pursuit system derives no benefit from the head movement. In the model (Fig. 26) , the eye velocity component of floccular P-cell discharge is configured as an efferent copy signal providing positive feedback support for pursuit eye movements (cf. Refs. 36, 47). It will be apparent, however, that during combined eye-head tracking the eye velocity contribution to the overall shift in gaze will be reduced and there will, therefore, be a proportionate decrease in the eye velocity signal issued by the flocculu .s in support of the pursuit. Clearly, in being applied only to pursuit t :he eye veloc ity component of gaze the positive fee .dback support will be comprised during combined eye-head tracking. We propose that it is in these situations that the head velocity component of floccular P-cell discharge mak .es a crucial contribution (' 'afferent copy"): it ensures that the flocculus output provides the same gaze velocity signal in support of tracking, W ,hether the head is stationary or moving.
The above discuss ion of the model is very general and a be tter appreciation comes from a more qu antitative approach. In attempting this our initial concern w ill be with steady-state conditions, though some important dynamic aspects will be considered later. Referring again to the simplified signal flow diagram in Fig. 26 , the gaze velocity, traveling s9 at achieved while pursuing a target velocity, t, wi th combined eye and head movement (e and 6, re is gi ven by the expression: Zee, Yamazaki, and Gucer (74) recently reported that following bilateral flocculectomy (when B in equation 2 becomes zero), the monkey's pursuit gain with head fixed was only 0.65 compared with a value of about 0.95 in the normal monkey. Thus, the eye velocity positive feedback loop through the flocculus increases the closedloop pursuit gain by 46% and is clearly an extremely important element of the pursuit system. Eliminating B from equation 2 to simulate flocculectomy allows us to estimate the gain of the element E (1.857), and subsequently the gain of element B (0.9). The remaining elements A, C, and D are only involved when the head is moving and, together with element B, set the gain of the VOR, which is always determined in darkness when element E is no longer operative. Rearranging equation I and allowing E to go to zero, we can derive an expression for the VOR gain:
. VOR gain = Gv = i = W -D) 1 _ B
We know from our earlier experiments that the gain of the VOR is usually about -0.95 and the flocculus recordings revealed that the weightings of the eye and head velocity signals carried by the floccular P-cell output are on average about equal; hence, CA = B.
If we now assume that the two elements A and B in the flocculus have the same gain, then C must have unity gain and we can derive the value of the final unknown element, D (0.995). Now that we have assigned gain values to each of the elements in the model, we can assess its ability to predict experimental findings. One prediction is that if the flocculus were removed then the VOR gain would increase by approximately 5%. Thus, the model predicts that the flocculus normally exerts a very weak negative (inhibitory) influence on the VOR. In fact, it predicts that the P-cell modulation during oscillations in the dark would be equivalent to about 5% of its modulation in the head velocitv paradigm: this compares favorablv with the 8.4% average that we actually recorded. Unfortunately, Zee et al. (74) observed a 35% increase in the VOR gain following flocculectomy, which is far greater than we can explain with our model even when alternative values for A, C, and D are tried; we suggest that such a large change may have been due to a nonspecific disinhibitory effect resulting from the removal of a large number of inhibitory inputs with high maintained firing rates. Zee et al. (74) found that the monkey's pursuit gain in the head velocity paradigm (when h = t) was only about 0.6 after bilateral flocculectomy; this agrees well with our model, which predicts a gain of 0.65 (where gain = E/(E + CD)). However, this agreement is very puzzling since Zee et al. found that after flocculectomy the VOR gain was much higher than we would have predicted and hence, in the head velocity paradigm, we would have expected them to observe a pursuit gain much less than that predicted by our model.
The potential value of an internal positive feedback loop such as that provided by the eye velocity component of P-cell firing has long been recognized and incorporated into models of the ocular pursuit system to improve its performance (56, 73). However, as pointed out above, the eye velocity positive feedback contribution decreases during combined eye-head tracking and we have suggested that the system compensates for this by supplementing the P-cell discharge with a head velocity signal. That this head velocity component of P-cell discharge is probably very effective is suggested by substituting the above-derived values for the various gain elements in equation 1. This reveals that: g = 0.95t + 0.0026h. Clearly, the head velocity contribution to the gaze will be extremely small, and the pursuit gain during combined eye-head tracking (g/t) should approach that for pure ocular pursuit with the head stationary, i.e., 0.95. This is in agreement with the recent experimental findings of Lanman et al. (34) . If, however, there were no head velocity component of P-cell discharge (i.e., A = 0), then substitution in equation 1 predicts that the pursuit gain would be seriously compromised by the accompanving head movement: k = 0.95t -0.41;. Thus, if for instance there was no head velocity component in the P-cell discharge and the head velocity during pursuit was, say, half the target velocity, then the predicted pursuit gain would be only 0.72.
We shall now consider the possible functional role of the flocculus in more dynamic situations. Lanman et al. (34) recently demonstrated that sudden interruptions of the head during combined eye-head tracking produced only a very minor disruption of the pursuit, which was much too brief-it lasted for only 15 ms or so-for visual compensation to be involved. As they pointed out, the gaze velocity P-cells in the flocculus might play an important role here, but to discern it we must consider the temporal sequence of events-thus far, we have only been concerned with steadystate conditions.
It will be seen in the next paper in this series (49) that we were able to determine the latency of the vestibular (head velocity) input to the P-cells, uncontaminated with compensatory eye movements, by recording from animals whose VOR gain was close to zero following adaptation to left-right reversing prisms. This revealed that, on average, the head velocity component of P-cell discharge has a latency of 17.5 ms, which approximates the normal latency of the VOR. Yet it will be recalled that during triangle-waveform pursuit in the head velocity paradigm in the normal animal, we found that gaze velocity and P-cell discharge usually did not change appreciably until, on average, 85 ms after the onset of the turnaround. As pointed out in the RESULTS section, the timing of the eye velocity signals was difficult to assess, but on average it was roughly synchronous with the onset of eye movement (see also Ref. 36) . The strong suggestion here is that, following sudden head turns, the head and eye velocity signals normally arrive at the P-cell at approximately the same time (and are roughly coincident with the onset of the compensatory eye movements), hence canceling one another. The net result of this is that the P-cells continue to emit the same gaze velocity signal for some time after a sudden head movement. In the meantime, the brain stem vestibular relay will translate the full change in eighth nerve discharge into an eye movement (within some lo-15 ms of the disturbance). Since the change in the eighth nerve discharge encodes the change in head movement, it will lead to eye movements that exactly compensate for the head disturbance, hence preserving the original gaze velocity. This would explain not only our own findings, but also those of Lanman et al. (34) .
We assume that the vertical gaze velocity P-cells perform functions similar to those described above for the horizontal gaze velocity cells. Their strong bias in favor of downward-preferred on-directions, however, is puzzling, though consistent with Zee et al.'s (74) finding of downward-beating vertical nystagmus following bilateral flocculectomy .
Other findings in this latter study-gaze paretic nystagmus and postsaccadic driftmay relate to the loss of the eye-position signals carried by some P-cells. Optican (52) has recently suggested that the postsaccadic drift is due to pulse/step mismatches in the programming of saccadic eye movements and that the flocculus may normally function to adjust the step component so that it matches the pulse. This might explain why the eye-position sensitivity of these P-cells is normally so low: they are only providing a small component of the overall position signal. It is not difficult to apply the Marr-Albus models of motor learning (1, 45) to these P-cells, arranging for them to receive visual climbing fiber inputs that signal postsaccadic drift and, thereby, induce long-term adaptive changes in the strength of their parallel fiber oculomotor inputs. Few climbing fibers modulated in our paradigms and no clearly identifiable visual driving was evident, but since postsaccadic drift was not present in our monkeys, conditions may not have been appropriate for us to witness the kind of visual influence being invoked here.
The functional role of the vergencel accommodation sensitivity of P-cells is not clear. Because of the translational effects of head turns on the position of the eyes with respect to the surroundings, the compensatory eye movements required to stabilize near images are greater than those re-quired to stabilize distant ones. Unfortunately, we did not investigate the effect of fixation distance on the modulations of P-cells, only its effect on their maintained discharge rates. Nonetheless, it should be noted that cerebellectomy is associated with a temporary loss of convergence in the primate (67, 68).
Since the general anatomical arrangements within the cortical networks are similar throughout the cerebellum, it is important to ask if the specifics of the present study suggest any general principles that might apply to the cerebellum as a whole. In this context there are several aspects of floccular function that deserve mention: first, it is concerned with global aspects of movement (here, gaze), which it constructs from the details (here, eye and head movements); second, in realizing this goal it processes feedback information from both internal (efferent copy) and external (proprioceptors) sources; third, it is configured to provide positive feedback reinforcement for movement, which it sustains and im- proves rather than initiates; finally, since such contributions require precision then, a priori, some adaptive gain-adjustment capability seems in order (motor learning).
Other aspects of floccular physiology may not be of general application, particularly the specifics of its signal processing, though it might prove useful to view the cortical networks as a series of high-pass/low-pass filters capable of generating a wide variety of transfer functions.
